Open Access Article. Published on 25 February 2020. Downloaded on 10/23/2025 6:56:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

: L OYAL SOCIETY
ggzg‘égal ap OF CHEMISTRY

EDGE ARTICLE View Article Online

View Journal | View Issue

W) Checkfor updates Fc-binding antibody-recruiting molecules exploit
endogenous antibodies for anti-tumor immune
responsesT

Cite this: Chem. Sci., 2020, 11, 3208

8 All publication charges for this article
have been paid for by the Royal Society o ) ) ) b R by ) b
of Chemistry Koichi Sasaki, @2 Minori Harada,® Yoshiki Miyashita,” Hiroshi T%awa,

Akihiro Kishimura,?® Takeshi Mori & *2® and Yoshiki Katayama {2 *2><d

Redirecting endogenous antibodies in the bloodstream to tumor cells using synthetic molecules is
a promising approach to trigger anti-tumor immune responses. However, current molecular designs
only enable the use of a small fraction of endogenous antibodies, limiting the therapeutic potential.
Here, we report Fc-binding antibody-recruiting molecules (Fc-ARMs) as the first example addressing this
issue. Fc-ARMs are composed of an Fc-binding peptide and a targeting ligand, enabling the exploitation
of endogenous antibodies through constant affinity to the Fc region of antibodies, whose sequence is

conserved in contrast to the Fab region. We show that Fc-ARM targeting folate receptor-a. (FR-a)
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Accepted 24th February 2020 redirects a clinically used antibody mixture to FR-a™ cancer cells, resulting in cancer cell lysis by natural
killer cells in vitro. Fc-ARMs successfully interacted with antibodies in vivo and accumulated in tumors.

DOI 10.1039/d0sc00017¢ Furthermore, Fc-ARMs recruited antibodies to suppress tumor growth in a mouse model. Thus, Fc-ARMs

rsc.li/chemical-science have the potential to be a novel class of cancer immunotherapeutic agents.
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Fig. 1 Fc-binding antibody-recruiting molecule (Fc-ARM) concept in
comparison with conventional ARMs. (A) Antibody-recruiting small
. . L . o molecule (ARM). ABT = antibody-binding terminus; TBT = target-
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cells such as tumor cells. Subsequently, recruited antibodies
trigger immune responses to eliminate the target (Fig. 1B, left
panel). Notably, ARMs are thought to be less immunogenic due
to their small molecular size.>® To date, various types of TBTs
have been developed.”?* By contrast, only a few types of ABTs
have shown potential utility: galactose-o-1,3-galactose (a-Gal),'>**
rhamnose,* nitroarenes,'******> and phosphorylcholine.” This is
because ABTs have so far been limited to antigens against
endogenous antibodies present in a wide range of population.

However, these types of ABTs suffer from some shortcomings
that limit their therapeutic application. For example, endoge-
nous antibodies against ABTs are generally in short supply (e.g.
anti-a-Gal accounts for ~1% of endogenous IgG in human
serum?'), limiting the probability of encountering ARMs and
antibodies in the human body. In addition, the efficacy of ARM-
based therapy may be influenced by the polyclonal affinity of
endogenous antibodies to the ABT.* Although immunization of
patients with ABTs may help to improve the characteristics of
anti-ABT endogenous antibodies,**'**** it increases the
complexity of treatment procedures, and may also induce
additional side effects. Thus, new approaches that enable the
exploitation of a larger proportion of pre-existing endogenous
antibodies by constant affinity would be a breakthrough for the
clinical translation of ARMs.

The Fc region of an antibody is characterized by its
conserved molecular structure, as well as a variety of biological
functions. It is the Fc module that is responsible for ADCC in
the development of biopharmaceuticals.***® A recent study

revealed that the Fc region of an antibody binds to virus-
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infected cells and NK cells simultaneously, resulting in ADCC
against the infected cells.”” This report indicated that ADCC
could be induced independently of antigen-Fab interactions.

Previously, we reported a new class of ARMs, namely Fc-
ARMs, in which the Fe-binding cyclic peptide (Fc-III)** is used
as an ABT (Fig. 1B, right panel).”® Use of the Fe-binding peptide
enables Fc-ARMs to at least access IgG1 and IgG2 with constant
affinity.*® These two IgG subclasses account for more than 80%
of the total IgG in humans.*"** Thus, Fc-ARMs can theoretically
exploit the majority of endogenous antibodies through their
constant affinity to IgG-Fc. We previously demonstrated that Fc-
ARMs can recruit human IgG on the surface of cancer cells in
a selective manner.> However, recruited antibodies did not
mediate ADCC under the previous experimental conditions.
Given that ADCC is regulated by the overall affinity of the
antibody to its antigen®* and CD16a,** we hypothesized that the
replacement of the Fc-III peptide with a recently reported
peptide, Fc-1I14C, which has higher affinity for IgG-Fc,* would
strengthen the recruited antibody ability to activate effector
cells such as NK cells for target cell destruction. We conducted
quantitative evaluations of antibody recruitment and deter-
mined the anti-tumor effects of Fc-ARM both in vitro and in vivo
to prove the concept of the Fc-ARM strategy.

Results and discussion

Fc affinity and antibody recruitment

We used an Fc-III peptide or Fc-III4C peptide® as an ABT and
folic acid (FA) as a TBT (Fig. 1C). FA has sub-nanomolar affinity
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Fig.2 Fc-ARMs bind to both the Fc region of the antibody and FR-a for antibody recruitment to cancer cells. (A—C) Dissociation constants of (A)
Fc-ARM1 and (B) Fc-ARM2 to Trastuzumab were determined by SPR measurements. (C) kon, kofr, and Ky values for Fc-ARMs are summarized. (D)
IGROV-1 cells were seeded and incubated overnight. Fc-fluorescein (Fc-fluo, 500 nM), Fc-ARM2 (100 nM), and FA (100 uM) were used. Fc-fluo,
Fc-fluo + Fc-ARM2, or Fc-fluo + Fc-ARM2 + FA were added to the cells. After washing, the cells were stained with Hoechst 33342. Scale bar = 20
um. Representative pictures are shown. (E) IGROV-1 cells were treated with 10 nM of Fc-ARMs and increasing concentrations of IgG-FITC from
serum. The mean fluorescence intensity (MFI) derived from the recruited antibodies was quantified by flow cytometry (n = 3, mean 4+ SEM). Two
experimental repeats were performed. Statistical analyses were carried out using a two-tailed Welch's t test. *p < 0.05; **p < 0.01.
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to folate receptor-a (FR-a)* and is therefore used for targeted
drug delivery and imaging of cancers overexpressing FR-a..>” We
connected the ABT and TBT using a hexaethylene glycol linker
and synthesized two types of Fc-ARMs, namely Fc-ARM1 and Fc-
ARM?2. The Fc-ARMs were characterized by reverse phase high
performance liquid chromatography (RP-HPLC, Fig. S1t) and
matrix assisted laser desorption/ionization-time-of-flight mass
spectrometry (MALDI-TOF MS, Fig. S27).

First, we used surface plasmon resonance (SPR) to measure
the affinities between Fc-ARMs and the Fc region of the IgG1
antibody. We functionalized SPR chips with anti-HER2
humanized IgGl1 mAb (Trastuzumab) and flowed Fc-ARMs
over the chip surface. The results showed that Fc-ARM2 had
higher affinity to IgG1 compared with Fc-ARM1 (Fig. 2A-C). The
K4 values were 25.0 nM for Fc-ARM1 and 6.1 nM for Fc-ARM2.
Next, we verified whether Fc-ARM2 could recruit IgG on FR-o."
cancer cells. Fluorescence microscopy revealed that Fc-ARM2
successfully recruited FITC-labeled human IgG (IgG-FITC) to
IGROV-1 cells (Fig. S31). Excess FA diminished IgG-derived
fluorescence. Furthermore, Fc-ARM2 recruited the papain-
digested Fc fragment of IgG1 labeled with fluorescein (Fe-fluo)
on IGROV-1 cells (Fig. 2D and S47). These results demon-
strated that the bispecific affinities of Fc-ARM2 to FR-a and the
Fc region of the antibody are crucial for antibody recruitment.

Next, we conducted a quantitative evaluation of antibody
recruitment using flow cytometry. Considering that 10 nM of Fc-
ARM1 saturated the amount of recruited IgG (Fig. S51), 10 nM of
Fc-ARM (Fc-ARM1 or Fc-ARM2) and increasing concentrations
of IgG-FITC were added to IGROV-1 cells. As a result, Fc-ARM2
recruited a higher amount of IgG-FITC compared with Fc-
ARM1 (Fig. 2E). Notably, 1 uM of IgG-FITC reduced the mean
fluorescence intensity (MFI), which was evident in three
component systems (in our case, the ternary complex of FR-a,
Fc-ARM, and IgG).*® These data demonstrated that Fc-ARM2
possesses improved affinity for IgG-Fc, enabling more efficient
recruitment of antibodies on FR-a." cancer cells.

Tumor cell killing by mAb recruitment

Next, we evaluated whether antibodies redirected to tumor cells
by Fc-ARMs can activate NK cells and induce ADCC. Impor-
tantly, we previously reported that the binding sites of an Fe-
binding peptide and CD16a to the Fc region of the antibody
do not overlap,” supporting the feasibility of the Fc-ARM
strategy. Ofatumumab (anti-CD20 IgG1 mAb) was used as
a source of antibodies since its ADCC capability is certified,*
and it does not bind to IGROV-1 cells by itself (IGROV-1 cells do
not express CD20). IGROV-1 cells were co-cultured with human
NK cells (KHYG-1/CD16a-158V)* for 16 h in the presence of an
Fc-ARM and anti-CD20, and then lactose dehydrogenase (LDH)
released from lysed cells was quantified. Fc-ARM2 + anti-CD20
showed clear target cell killing in an effector/target (E/T) ratio-
dependent manner, whereas anti-CD20 or Fc-ARM?2 alone did
not (Fig. 3A). Cytotoxicity was eliminated by excess FA. Upon
recruitment of anti-CD20, NK cells showed secretion of inter-
feron-y (IFN-vy) (Fig. 3B) and surface mobilization of CD107a (an
activation marker of NK cells,** Fig. 3C and S671). ADCC was not
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Fig. 3 Fc-ARM recruits anti-CD20 mAb for NK cell activation to
eliminate cancer cells. (A) 5000 cells per well of IGROV-1 cells were
treated with anti-CD20 (100 nM), Fc-ARM (10 nM), or Fc-ARM2 + anti-
CD20, or Fc-ARM2 + anti-CD20 + FA (1 uM) and co-cultured with
5000-40 000 cells per well of KHYG-1/CD16a-158V for 16 h. ADCC
activity was quantified by an LDH assay (n = 3, mean + SEM). Statis-
tically significant differences between “Fc-ARM2 + anti-CD20" and all
of the other groups were observed at all Effector/Target (E/T) ratios. (B)
After co-culturing of IGROV-1 cells and KHYG-1/CD16a-158V, culture
supernatants were collected for human IFN-vy detection by ELISA (E/T
= 8, mean + SEM). (C) Surface mobilization of CD107a on KHYG-1/
CD16a-158V cells was evaluated after 6 h of co-culture with IGROV-1
cells in the presence of the indicated reagents by flow cytometry (E/T
= 1, mean + SEM). Two experimental repeats were performed.
Statistical analyses were carried out using one-way ANOVA with
Tukey's multiple comparison test. **p < 0.01.

induced against A549 lung cancer cells (FR-o.”) (Fig. S71). These
results clearly demonstrated that Fc-ARM-mediated antibody
recruitment activates NK cells and induces ADCC.

Fc affinity and NK cell activation

We next verified whether or not the Fc affinity of Fc-ARMs deter-
mines the immune-stimulatory activity of recruited antibodies.
Specifically, we conducted NK cell lysis assays over different co-
culture time periods as well as with different antibody concentra-
tions. After 4 h of co-culture, Fc-ARM1 + anti-CD20 did not show
detectable cytotoxicity (Fig. 4A), in line with our previous report.>
Fc-ARM2 + anti-CD20 showed higher cytotoxicity compared with
Fc-ARM1 + anti-CD20 after 6, 8, and 16 h of co-culture (Fig. 4B),
and it took more incubation time for Fc-ARM1 to reach compa-
rable % cytotoxicity with Fc-ARM2. This result is in accordance
with the literature showing that antibodies with enhanced affinity
to their antigen* or CD16a* accelerate the kinetics of ADCC. Thus,

This journal is © The Royal Society of Chemistry 2020
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Fig.4 Fc affinity controls both the efficacy and kinetics of ADCC in the
Fc-ARM strategy. (A) 5000 cells per well of IGROV-1 cells were co-
cultured with 5000-40 000 cells per well of KHYG-1/CD16a-158V for
4 h. ADCC activity was quantified by an LDH assay (n = 3, mean 4+ SEM).
(B) 5000 cells per well of IGROV-1 cells were co-cultured with 20 000
cells per well of KHYG-1/CD16a-158V (E/T = 4) for 6 to 16 h. ADCC
activity was then quantified (mean + SEM). (C) 5000 cells per well of
IGROV-1 cells were co-cultured with 40 000 cells per well of KHYG-1/
CD16a-158V in the presence of Fc-ARM (10 nM) and various
concentrations of anti-CD20 IgG1 mAb for 16 h (n = 3, mean 4+ SEM).
(D) An ADCC assay was performed using the Fc fragment of anti-CD20
mAb (n = 3, mean + SEM). Statistically significant differences between
“Fc-ARM2 + Fc fragment” and all of the other groups were observed at
all E/T ratios. (A, B) One experimental replicate was performed. (C, D)
Two experimental repeats were performed. Statistical analyses were
carried out using (B, D) one-way ANOVA with Tukey's multiple
comparison test or (C) a two-tailed Welch's t test. *p < 0.05; **p < 0.01.

we conclude that the reason why we could not detect ADCC using
Fc-ARM1 in the previous report® is insufficient incubation time.
When compared with Fc-ARM1, Fc-ARM2 induced ADCC more
effectively, along with increasing concentration of anti-CD20
(Fig. 4C). Similarly, Fc-ARM2 + anti-CD20 induced a higher
amount of IFN-y secretion from NK cells than Fc-ARM1 + anti-
CD20 after 16 h of co-culture (Fig. S81). Notably, the Fe-fragment
of anti-CD20 induced cytotoxicity upon recruitment by Fc-ARM2
(Fig. 4D). Taken together, these data demonstrated that Fc
affinity is a critical factor controlling both the efficacy and kinetics
of ADCC in the Fc-ARM strategy, and that the Fab region of the
antibody is not necessarily required for ADCC induction.

Partial inhibition of anti-EGFR by the recruited antibodies

Previously, we reported that Fc-ARM1 inhibited the ADCC activity
of an anti-epidermal growth factor receptor (EGFR) mAb against
IGROV-1 cells (EGFR/FR-o. double positive).”® To investigate the
mechanism of action, we first compared the amount of EGFR/
anti-EGFR binary complex with that of the ternary complex
formed on IGROV-1 cells using flow cytometry. IGROV-1 cells
were incubated with fluorescein-labeled anti-EGFR mAb (Cetux-
imab). The results showed that 5 nM of anti-EGFR mAb was
sufficient to saturate binary complex formation (Fig. S9AT).
Furthermore, 10 nM of Fc-ARM1 induced about a six-fold
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increase in MFI, showing that a substantially higher amount of
the ternary complex could be formed on IGROV-1 cells compared
with the binary complex. Next, we evaluated the ADCC activity of
both complexes with a co-culture time of 16 h (Fig. S9Bt). The
binary complex of EGFR/anti-EGFR mAb showed stronger ADCC
activity compared with the ternary complex (Fc-ARM2 + anti-
CD20), which is reasonable considering the overall affinity of
those two forms of antibodies for IGROV-1 cells (Cetuximab
reportedly possesses a K4 value of 0.49 nM against EGFR).*
Interestingly, the co-existence of the binary complex and the
ternary complex (Fc-ARM2 + anti-EGFR) resulted in similar ADCC
activity compared with the ternary complex (Fc-ARM2 + anti-
CD20). These results indicated that the ternary complex not
only activates NK cells, but also works as a competitive inhibitor
of CD16a against stronger agonists (in this case, the binary
complex of EGFR/anti-EGFR mAb). We do not discuss the
potential contribution of the quaternary complex of FR-o, Fc-
ARM?2, anti-EGFR, and EGFR in this manuscript because we are
currently incapable of isolating the quaternary complex.

Pooled IgG from donor sera for NK cell activation

Motivated by the observation that IgG1 mAb can be used for
tumor cell killing in the Fc-ARM strategy, we sought to test
whether antibody mixtures could also be used. A clinically used
IgG mixture from donor sera, known as intravenous immuno-
globulin (IVIG), as well as an affinity-purified IgG mixture were
used. Upon recruitment by Fc-ARM2, both IgG products clearly
induced ADCC against IGROV-1, whereas IgG products alone
did not (Fig. 5A). Notably, the levels of ADCC induced by these
two conditions were similar to that induced by Fc-ARM?2 + anti-
CD20 (IgG1 mAb). It would be because IgG1 has the highest
blood concentration among all IgG subclasses, given that IgG1
is the most potent IgG subclass for ADCC induction.*® Taken
together, the results suggested that endogenous antibodies
circulating in the human body could be an effective resource for
ADCC induction in the Fc-ARM strategy.

In vivo interactions between Fc-ARMs and human antibodies

Next, we tested whether Fc-ARMs could interact with antibodies
in vivo. Considering the ease of synthesis compared with Fc-
ARM?2, we prepared a derivative of Fc-ARM1 labeled with
sulfo-cyanine7 (Fc-ARM-Cy7, Fig. 5B and S10%). Because Fc-
ARM?2 did not work with mouse IgG (mIgG) (Fig. S11t), we
pre-injected tumor-bearing mice with IVIG. Injected IVIG
remains in the blood circulation for an extended period of time
as a macromolecule.*® Thus, we hypothesized that pre-injection
of IVIG into mice would enhance the blood circulation time and
the tumor accumulation of the Fc-ARM. Mice received 20 mg of
IVIG to mimic the blood concentration of IgG in humans.”
Then, 2 h after intraperitoneal injection of IVIG, IGROV-1
tumor-bearing BALB/c nu/nu mice were injected intraperitone-
ally with 5 nmol of Fc-ARM-Cy7. In vivo time-course imaging
showed that IVIG significantly improved the blood retention
time and tumor-targeted delivery of Fc-ARM-Cy7 (Fig. 5C and
D). Ex vivo imaging 24 h after Fc-ARM-Cy7 injection showed that
significantly higher amounts of Fc-ARM-Cy7 remained in

Chem. Sci, 2020, 11, 3208-3214 | 321
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Fig. 5 Fc-ARM effectively recruits IVIG for its enhanced blood
retention time and tumor accumulation in vivo. (A) Two different
products of IgG from human sera were compared with anti-CD20
mADb. IgG (100 nM) and Fc-ARM2 (10 nM) were added to 5000 cells per
well of IGROV-1 cells. Then, 10 000-80 000 cells per well of KHYG-1/
CD16a-158V cells were added and incubated for 16 h. LDH released
from lysed cells was quantified (n = 3, mean + SEM). Statistically
significant differences between the “Fc-ARM2 + IgG” and "IgG only”
groups were observed at all E/T ratios. (B) The molecular structure of
Fc-ARM-Cy7. (C—E) 1 x 10° of IGROV-1 cells were inoculated into the
left side of the back of each BALB/c nu/nu mouse. When the tumor
volume reached about 300 mm?, the mice received 20 mg of IVIG
intraperitoneally. After 2 h, the mice received 5 nmol of Fc-ARM-Cy7
intraperitoneally. (C) In vivo fluorescence imaging of Fc-ARM-Cy7 at
different time points was performed using an VIS Lumina Il. White
arrows indicate tumors. Representative images from four mice in each
group are shown. (D) Time-course quantification of the fluorescence
signals from tumors (n = 4, mean + SEM). (E) 24 h after Fc-ARM-Cy7
injection, organs were harvested and imaged ex vivo. Then, fluores-
cence signals were quantified (mean + SEM). Two experimental
repeats were performed. Statistical analyses were carried out using (A)
one-way ANOVA with Tukey's multiple comparison test or (D, E)
a two-tailed Welch's t test. *p < 0.05; **p < 0.01; N.S. = not significant.

a range of dissected organs in the mice that received prior
injection of IVIG (Fig. 5E and S127). Considering that small
molecules are readily removed from the systemic circulation
through renal filtration, these data indicated that Fc-ARMs can
hitchhike on human IgG antibodies and harness their phar-
macokinetics in vivo, resulting in an enhanced blood circulation
time and increased accumulation in tumors.
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vidual growth curves for the IGROV-1 tumors shown in (B). (D) Body
weight changes of mice during the treatment (mean + SEM). Two
experimental repeats were performed. Statistical analyses were carried
out using one-way ANOVA with Tukey's multiple comparison test (on
day 12). *p < 0.05; **p < 0.01.

Anti-tumor effect of the Fc-ARM strategy in vivo

Finally, we tested the anti-tumor efficacy of the Fc-ARM strategy
in vivo. Because there is crosstalk between human antibodies
and mouse effector cells including mouse NK cells,*”® we
hypothesized that the human IgG redirected to tumors can
activate mouse NK cells and inhibit tumor growth. A summary
of the treatment schedule is shown in Fig. 6A. Given that human
IgG1 shows a blood half-life of approximately 10 days in mice,*
IVIG (1 g kg™ ") was injected intraperitoneally into IGROV-1-
bearing BALB/c nu/nu mice 0 and 9 days after tumor inocula-
tion. Fc-ARM2 (4 mg kg™") was intraperitoneally administered
to the mice 0, 3, 6,9, 12, and 15 days after tumor inoculation. Fc-
ARM2 + IVIG suppressed tumor growth compared with all of the
other groups (Fig. 6B and C). Although the therapeutic efficacy
was not that dramatic, this is presumably due to the lower
capacity of human antibodies to activate murine NK cells
compared with their murine counterparts.*®

Usage of immunologically humanized mice may enable us to
evaluate the therapeutic potential of the Fc-ARM strategy more
accurately. In addition, a stronger Fc-binder or a targeting
ligand would also enable the Fc-ARM to induce anti-tumor
responses more strongly. In terms of the side effects, no
abnormal weight loss of mice was observed during the treat-
ment (Fig. 6D). Taken together, these data indicated that the Fc-
ARM strategy can induce anti-tumor immune responses in vivo.

Conclusions

We have reported a novel class of antibody-recruiting small
molecules (ARMs) that theoretically enables the recruitment of
the majority of endogenous antibodies in the bloodstream for

This journal is © The Royal Society of Chemistry 2020
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anti-tumor immune responses for the first time. Fc-ARMs
recruited antibodies obtained from human sera to the FR-o."
cancer cell surface selectively and induced ADCC depending on
the strength of their Fc affinity. Fc-ARMs successfully interacted
with human antibodies in vivo, resulting in enhanced blood
circulation and tumor accumulation. Furthermore, the Fc-ARM
strategy suppressed the growth of IGROV-1 human ovarian
adenocarcinoma in a mouse xenograft model. Fc affinity would
provide the ARM strategy with efficient and robust opportuni-
ties to redirect endogenous antibodies to malignant cells.
Therefore, our approach may lead to the re-emergence of ARMs
as one of the promising modalities of cancer immunotherapy.
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